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SUPERCONDUCTING  MATERIALS  :  SOME  RECENT  DcVEtOPHENTS 
Martin  N  Ui Ison 

Rutherford  laboratory,  Chilton,  DIdcot,  Oxon.,  England, 


SUMMARY 

This  review  concentrates  on  four  subject  areas  which  have  seen  significant  changes  In  recent  /ears; 

AC  losses,  stability,  multi  filamentary  Nb3Sn  and  mul tl f I  lamentary  V3G3.  Several  applications  are  new 
being  considered  In  which  a  small  amplitude  AC  field  Is  superposed  on  a  larger  DC  tr  r*  1^ 

filaments  may  not  always  give  the  lo«st  hysteresis  loss  under  these  conditions.  The  theory  of  self  field 
instability  has  recently  been  Improved  and  extended  to  the  point  where  It  can  provide  a  good  picture  o 
the  instability  process  under,  real istic  thermal  conditions.  Some  points  of  disagreement  with  experrmental 
observation  remain  however,  a  possible  explanation  Is  offfered  for  this.  MuUlfl lamentary  Nb3Sn  and  V3Ga 
are  now  reaching  the  stage  of  meriting  serious  consideration  as  fully  practical  magnet  conductors,  ihe 
remaining  probleiTi  of  production  and  utilization  are  being  solved  and  composites  have  been  tested  witn  at 
least  twice  the  overall  current  density  of  filamentary  NbTi  at  all  field  levels. 


I.  INTRODUCTION 

The  whole  field  of  superconducting  magnet  materials  has  become  so  wide  and  diverse  that  a 
comprehensive  review  would  now  require  very  much  more  space  than  Is  available  here.  Such  an  all- 
embracing  review  has  not  therefore  been  attempted,  but  Instead  four  subject  areas  have  been  chosen  w  ic. 
have  seen  significant  changes  since  the  last  Magnet  Technology  Conference.  Each  of  these  subjects  has 
then  been  dealt  with  Ir.  some  depth.  For  a  more  complete  coverage  of  the  field,  the  tcadcr  Is  referred 
to  the  recent  review  by  Fietz  and  Rosner(l). 

Two  of  the  subject  areas  are  theoretical:  AC  losses  and  stability.  Although  the  theory  of  AC 
losses  has  not  basically  changed,  several  of  the  more  recent  applications  have  Imposed  different  AC 
conditions  and  the  conventional  wisdom  that  ‘finest  filaments  are  best'  may  not  always  be  true  in  this 
case.  Stability  theory  has  progressed  In  recent  years  and  we  now  have  a  much  better  picture  of  uie  seif 
field  Instability  although  there  arc  still  some  areas  of  uncertainty  and  disagreement  with  experiment; 
a  possible  explanation  for  this  Is  offered. 

The  two  remaining  subject  areas  are  concerned  with  materials  technology  •  more  specifically  with  the 
production  and  utilization  of  mul tl filamentary  composites  of  Nb3Sn  and  y3Ga.  Good  progress  has  been 
made  In  recent  years  and  both  materials  arc  rapidly  advancing  to  the  stage  where  they  must  merit  serious 
consideration  by  the  magnet  technologist  as  fully  practical  magnet  conductors. 


AC  LOSSES 


The  multi  filamentary  composites  which  are  now  In  general  use  were  originally  developed  to  eliminate 
flux  Jumping  instabilities  In  the  superconductor  and  thus  promote  stable  operation  In  a  magnet.  The 
filaments  were  subsequently  made  finer  and  the  coup I ing  between  them  was  reduced  by  the  use  of  cupro¬ 
nickel  barriers  etc.  so  that  the  composites  could  be  ptt4aed  with  a  minimum  hysteresis  loss.  The  objective 
of  this  work  was,  and  still  Is  to  a  large  extent,  the  development  of  a  superconducting  synchrotron.  n 
a  synchrotron,  the  magnets  are  pulsed  from  a  low  field  to  their  maximum  field  and  then  to  the  low  fie  d 
again.  Under  these  conditions.  It  is  easy  to  show  that  the  hysteresis  loss  In  a  superconducting  magnet 
may  be  minimized  by  making  the  filaments  as  small  as  possible.  In  fact  the  loss  per  unit  vol^e  is 
simpiy  proportional  to  the  flla?:>ent  diameter,  provided  the  filaments  are  sufficiently  de-coupled  fi^  each 
other.  Any  coupling  between  the  filaments  will  tend  to  Increase  the  loss  and  so  the  coupling  must  be  kept 
to  a  minimum  by  tightly  twisting  the  conposite  and  Interposing  resistive  barriers  between  the  filaments. 

A  range  of  sophisticated  composites  has  thus  been  developed  to  have  minimum  hysteresis  loss  ® 
synchrotron  magnet  or  any  other  application  (e.g.  energy  storage)  where  the  field  must  be  pulsed  from  zero 
to  maximum  or  vice  versa. 

Recently  however,  another  class  of  applications  has  emerged  In  which  the  superconductor  Is  subject 
to  alternating  fields  of  a  different  kind.  In  this  case^  the  major  component  of  field  is  a  steady  DC 
level,  but  there  Is  superposed  on  this  an  AC  component  of  much  smaller  amplitude.  Such  condi t ions  can 
occur  for  example  in  the  DC  rotor  windings  of  a  superconducting  alternator  or  In  the  lift  magnets  of 
magnetically  levitated  vehicle  as  It  encounters  Irregularities  In  the  guide  way.  They  ^Jso  occur  »n 
some  kinds  of  proposed  fusion  reactor  where  a  single  pulse  of  field  may  be  applied,  in  addition  to  the 
DC  containment  field,  to  Ignite  the  plasma,  it  has  often  been  assumed  that  the  low  hysteresis  composites 
developed  for  the  synchrotron  application  will  also  be  the  best  choice  hfcre,  but  It  has  recently  been 
pointed  out(2)  that  this  is  not  necessarily  so. 
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Adopting  the  sinple  one  dimensional  slab  model  of  a  superconducting  filarent,  Illustrated  in 
Figure  1,  we  may  distinguish  two  cases.  Firstly,  as  shown  InUa)",  the  case  where  the  disturbance  caused 
by  the  fluctuating  component  of  the  field  does  not  penetrate  to  the  centre  cf  the  filament  and  there  is 
in  fact  no  loss  in  the  centre*  Secondly,  as  shown  In  l(b),  the  disturbance  penetrates  the  whole  filament. 


FIG.  t.  Slab  model  of  AC  field  patterns 
(shaded  area  depicts  flux  change) 


FIG.  2.  Dimensionless  loss  per  cycle  (1.2uq/a82 
versus  dimensionless  half  width  «  -•  a/p. 


In  the  first  case,  the  loss  per  unit  volume  for  a  complete  cycle  may  be  shown  to  be 


H  - 2 - 

3p„^Jca 

where  AB  is  the  amplitude  of  the  AC  component  of  field,  is  the  critical  current  density  and  a  is  the 
half  width  of  the  slab.  If  the  penetration  depth  of  the  AC  field  is  p  I.e.  Uq'^cP  “  define 

a  dimensionless  half  width  t  *-•  a/p  and  obtain  the  loss  per  cycle  as  G 


Similarly,  in  the  fully  penetrated  case  we  find 


which  may  be  written 


We  may  thus  plot  a  ’dimensionless  loss*  as  the  simple  function  of  €  shown  in  Figure  2, 

It  may  be  seen  that,  for  a  given  field  amplitude,  the  loss  is  a  maximum  when  the  superconductor  half 
width  Is  slightly  less  than  the  penetration  depth  of  rhe  superconductor.  In  the  synchrotron  case,  where 
the  penetration  depth  Is  large,  c  Is  small  and  one  is  working  at  the  left  hand  side  of  the  peak.  The 
most  effective  way  of  reducing  losses  will  thus  be  to  make  c  as  small  as  possible  I.e,  fine  filaments. 

In  the  second  class  of  applications  however  the  ^enetrairlpn  tlepth  may  be  small,  one  is  now  at  the 
right  of  the  peak  and  the  best  way  to  reduce  losses  may  be  to  increase  «  i.e.  large  filaments.  For 
example,  in  a  magnetically  levitated  vehicle,  the  AB  caused  by  gu id way  Irregularities  is  expected  to  be 
of  the  order  of  0.02T.  If  we  assume  a  DC  field  of  5T  I.e,  —  1.5  x  10®  A  and  a  filanient  diameter  of 
50y  I.e.  a  —  25  xt0“^m,  we  find  «  —  2.36,  a  dimensionless  loss  of  0.57  and  an  actual  loss  Q  of  90  J 
(0,09  mJ/cm^)  per  cycle.  At  a  frequency  of  50  Hz  this  would  disipate  ^500w  m''^  (^.5  mW/emM  which  is  very 
simi  Ur  to  the  loss  in  a  synchrotron  magnet.  This  loss  may  be  halved  by  simply  making  the  filament  twice 
as  big  I.e,  'COu  dia.  In  order  r  >  ,ialve  the  loss  by  reducing  diameter  however  it  would  be  necessary  to 
make  ♦  0.075  i.e.  a  filament  d  leter  df  only  1,6u  or  roughly  AOOO  times  as  many  filaments  as  the  lOOp 

easel  Clearly  the  most  economica  way  to  reduce  losses  In  this  case  will  be  to  make  the  filaments  is  large 
as  possible.  Even  at  SOp  diameter  however  there  is  some  danger  of  instability  and  at  lOOu  diameter  there 
will  probably  be  flux  jumping.  Stability  thus  provides  the  upper  limit  to  filament  size  and  the  exact 
value  of  this  will  depend  on  other  parameters  such  as  operating  field,  proportion  of  copper  in  the  conductor 
etc. 


3 


,t  is  dangerous  to  generalize  about  filament  size  however  w^have 

e.m.,e  one  might  have  a  DC  a’ 120^^0^ rt^itid  “I  are  thus  far  to  the 

l^f't  L  the  peak  in  Figurri?  Any  r;duction  in  filament  size  will  therefore  reduce  the  losses;  any 
feasible  increase  In  filament  size  will  increase  losses. 

Similar  considerations  also  apply  to  the  coupling  of  fila^nts  JllgirUrg^'' 

Roughly  speaking,  when  the  filaments  are  well  coupled,  they  behave  I  ket,reen^fi  laments, 

fila^it.  Thus!  in  certain  cases  the  loss  may  be  reduced  by  "S 

For  exaiTvle  Satow,  Tanaka  and  0gama(M  have  found  that  under  j^is  case  of  course, 

composites  can  be  less  than  in  twisted  composites  ^  ^  ^ 

Again  it  Is  impossible  to  generalize  and  each  condition  must  be  treated  individua  y. 


3*  STABILITY 

ho^evrr  by  Turck  and  Ouchateau  and  their  work  will  be  referred  to  frequently  In  this  section. 

_  —  3  more  uniform  sharing  of  current  by  simply  twist> 

,  I  Ing  the  composite.  To  achieve  this,  a  full  trans- 

I  I  I  I  position  of  the  filaments  is  needed  whereby  ths 

I  ^  I  I  I—  Inner  filaments  pass  to  the  outside  and  vice  versa 

g  ^  I  j  ”  I  as  one  moves  along  the  composite. 

A  ^  ^  On  applying  a  simple  adiabatic  stability  theory 

-0--  — j  N  I  situation  Illustrated  In  Figure  3»  one  is 

1  j  \  I  forced  to  conclude  that  a  typical  filamentary 

0  ifpl  ^  niobium  titanium  composite  will  be  unstable 

- - ^  composite  diameters  greater  than  -v  0.5  mm.  Practi¬ 
cal  magnet  experience  shows  that  this  is  clearly 

(a)  field  distribution,  (b)  current  distribution.  nain  reasons  may  be  advjnced  for 

FIG.  J.  Self  field  patterns  In  twisted  composites  nlrldilSatiran^ secl^dlj!  the 

current  distribution  Is  not  as  simple  as  the  one 

Xe  i^d'‘li:UaUonI!%h^"in“;l'be*fp^ttrw‘t-  S?«e‘rert%fnduttt;s  i;:i:h‘'h:vrb«n“ttt?td  In*' ' 

several  medium  sized  solenoids  at  the  Rutherford  Laboratory. 

T.1  Experimental  Tests.  The  first  conductor  tested  was  a  ^'^®™;^/'!Jt,rM“!oienoid5’w^rfabricated 

superconductor  ratio,  2  mm  diameter  composite,  twiste  a  p  ^  ‘  field  of  about  6T.  All 

fr^  this  conductor,  each  of  100  rsn  bore,  resin  '7;®9"®‘®^®^^P:°^bufq!itkW  reached  their  short  sar,,le 
the  magnets  showed  some  training  -  between  one  and  ,o3:  a  good 

current.  The  subsequent  quench  currents  «®''® /“''P;;  !lrh  nuench  the  ^ole  maqret  was  heated  above  critical 

mechanical. 

The  theory  of  Turck  and  Ouchateau  treats  a  jrSamnlna”rthe'’r^tM7whlch‘'!l^!“d!^n  Ihe* 

^^^^rrSf’th^l!::  l:mp^a:^:rJhrth^™l*condu  ttr  r^^ 

birc:^,rd%rn;rrga;eo:^*^^^^^^  He  p  pernio  Winding.  ?he  ..or  factor 

determining  stability  is  the  parameter  B  defined  in  (5)  or  W  as 

8  ”  Te^ 


p 


where  \  is  the  space  factor  of  filarne^nts  In  tm* 
the  specific  Heat  and  e,  is  ti,e  ccUlc":i  I s^^'dc^ ! 


de 


For  the  composite  in  quesUoC*’ara'’f ST^wrfind  r°'t8’'°'’Refe^r”"^ 
eourdary  of  this  region  rp  has  noved  in  to  a  rad^us  o?  ^  compos. te.  i.e.  when  the  inner 

;:;:e;L:;-::n:^-:nSo:rc:r;e::stith^hhri':dh^  ^  ‘ 

con. re  line'  of  the  filLent  (7H8)  n  ?h  '"'’''''‘'‘'a'  filaments  to  cause  a  shift  In  the  'electric 
centra,  region.  BecausHh^e  cirlts  are  ;:hcrr;ic'ar':L":  fl-  the 

"■•us  he  able  to  carry  this  additional  transport  current ’wi  thuninpai  reliability!  «■' " 

.•s  how  !!!  inte!l!ri!!cr‘iti™|"l!!!!n!l  in'^tir^omplsiirinller  9  of  ref.  (7).  This 

r'  reach  critical.  The  -boundary  conditions  between  !h»  .!.?!!?  «  certain  radius 


reach 'c;i;'lcrir'The“'b;;id!!;  lon^lu^nrhllirihe’!"  ted 

thi^  radius,  a.  is  set  equal  to  the  penetration  radius  r  of°th!^o°r  perfectly  matched  if 

rp  into  equation  (9)  of  ref.  (7)!  outer  region.  Thus  we  may  substitute 


2-o'->c  I 


Hi'^rr  '•  ‘ 

^  ^5u  and  a  =  Tp  -  0,55  mn  we  find  -  -  •  —  -  - 


- p  -^e  external  field, 

1  20  ThU  w  )  f  ~  A  rr?  Be  -  6T, 

;  ?n  !;?  fl^d  the%ota.’ 


where  f  Is  the  total 
1,20  we  find 


current  induced  iK  the  region  r  <  a!  Tigur;  li  of  ref''  (!)  !h  T' 
inouced^current  expressed  as  fraction  of  the  critical  JrL  ^tLlnner "e'^'^n.S:!^ 

its  cH!i^l^lul!en1^nVnlt‘ei^hLlh"nowin^It  !!i!uardens™y'°T‘ ■' 

would  carry  stable  sub-crItIcal  currents  ud  to  84i;  of  rh^  Mr-!"  composite 

305  =.  25%  of  the  entire  composite.  The  maximum  stable  ICrlenl'fnl  ''egion  or  0.84  x 

25^  -  952  of  critical.  The  fact  that  the  manners  arr*  current  for  the  composite  would  thus  be  702  + 
too  surprising.  actually  reach  critical  current  is  therefore  perhaps  not 


FIG.  4.  The  3-5fTri  dia. 


1^701  fP ament  compos! 
used  In  self  field  rest  solenoid. 


The  second  magnet  result  is  surprising  however. 

This  was  a  solenoid  of  similar  size  which  was  made 
lo  test  the  large  three  component  composite  shown 
in  Figure  U  The  composite  was  3.5  mm  diameter 
containing  iU701  filaments  with  39^  of  NbTi  393;  of 
cupro-nickel.  After  some  training 
the  magnet  reached  53^  of  its  'short  sample'  field, 
the  current  carried  wa.^  8?^  of  critical. 

Applying  the  theory  of  Turck  and  Ouchateau  to  this 
i^gnet  we  find  fi  -  133,  predicting  an  instability  in 
the  outer  sheath  when  it  carries  a  current  of  %  50^ 
of  the  (^ittcal  of  the  whole  composite,  i.e, 

Tp  -  K/y/2  -  1.24  mm.  Because  the  filaments  are  much 
finer  in  this  composite,  the  'electric  centre' 
effect  IS  less  than  before.  We  find  6^  -  7.2  and 

carry  26«  of  its  critical  current  in  a  stable  sub- 
critical  fashion  before  it  reaches  critical  density 
at  Its  outer  boundary.  We  therefore  expect  the 
cwposite  to  become  unstable  at  50  +  0.26  x  50  -»  S3% 
of  Its  critical  current,  in  this  case  it  is  clear 
that,  in  spite  of  its  many  corrections  and  greater 
thoroughness,  the  theory  is  still  too  pessimistic. 
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3,2  Decay  of  the  Self  Field  Current  Distribution. 

A  possible  explantation  for  this  which  does 
not  seem  to  have  been  mentioned  so  far  is  that  the 
ideal  current  distributions  assumed  in  (5)  and  (6) 
might  decay  rather  rapidly  in  a  magnet.  This  ^  ^  ^ 

could  be  brought  about  by  the  'resistive  transition 
effect  illustrated  in  Figure  Although  It  is  not 
well  understood*  this  effect  is  thought  to  be  shown 
by  all  multifilamentary  superconductors.  As 
critical  current  is  approached  the  composite  does 
not  switch  sharply  to  the  resistive  state  but 
rather  undergoes  a  gradual  transition  in  which  a 
measureable  resistance  in  progressively  developed 
from  'V  80^  of  critical  current  density  upwards.  It 
seems  reasonable  to  suppose  therefore  that  any  array 
of  filaments,  carrying  critical  current  density  will 
develop  a  resistance.  The  outer  sheath  of  critical 
current  would  thus  be  resistive. 


voltage  •  current  (b)  lines  of  constant 

curve  resistivity 

5,  Resistive  transitions  in  filamentary 
NbTI  composites 


The  usual  nechanlsm  postulated  for  the  decay  of  the  self  field 
it  is  fed  into  the  composite  at  the  magnet  terminals,  must  cross  the  The  tra 

will  rhits  cause  the  ourelv  inductive  current  distribution  which  is  initial 


of  the  matrix  will  thus  cause  the  purely 
with  a  time  cons  tar.  t 


on  is  that  the  current, 
ransverse  resistance 
ally  set  up  to  decay 


t:-  t 


r"r.;rp 

from  a  very  short  length  of  conductor  only  •  ...p-ch  curreat  In  26  secs.  It  is  dear  that  the 

%  h  K  to!'  secs.  The  magnet  was  actually  taken  hLrcLsed  any  significant  decay  of 

™trix  resistivity,  even  though  it  was  e.cceptlonal ly  h  longer  lengths  of 

the  self  field  current  distribution.  Host  magnets,  with  lower  matrix  resistivities  ana  .0  g  y 

conductor  will  have  much  longer  time  constants. 

Much  shorter  time  constants  are  found  however  if  ' ‘ 
region  is 

of  its  ultimate  quench  current  and  10  ^  P.  m  at  90«  or  1^,  For  Pg  u 

It  is  clear  therefore  that  within  a  rather  short  space  of  time,  the  crtucit  cu‘r%nr"*''‘ 

small  disturbances. 

.0.. .... .... .o c.„.,.di... ...  ““n 

..«■  .•  - 

that  this  would  not  happen  in  magnets  involving  long  lengths  of  conductor. 

An  interesting  possibility  arises  from  the  idea  of 

tion.  Let  us  assume  that  the  magnet  ® ®  wL  d  quenlh  if  its  outer  current  sheath 

70^  of  its  critical  current.  The  composite  has  however  decayed  resistive- 

Tylo^S^'o?  rrltu^l'dlntt^r-d^tt^r^tabU.'lurp-  now  that  a  local  energy  release  In  the  magnet 
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suddenly  raises  the  temperature  of  the  composite  by  just  the  amount  needed  to  reduce  the  critical  current 
density  of  the  superconductor  by  5?.  The  outer  sheath  will  novv  be  at  critical  current  density,  it  will  be 
unstable  and  will  quench.  Our  small  (5^)  temperature  rise  has  thus  been  able  to  quench  a  conductor  which 
is  only  at  70?  of  critical.  In  other  words,  large  diameter  filan^entary  ccw'jpos  i  tes,  although  they  may  not 
actually  be  self  field  unstable,  will  be  more  than  usually  vulnerable  to  snwj  11  temperature  fluctuations 
within  the  magnet,  e.g,  mechanical  movement  effects. 

It  is  possible  that  such  an  effect  has  already  been  seen  by  the  workers  at  ferml  Laboratory  where 
magnets  wund  from  a  large  twisted  composite  have  been  seer,  to  train  much  more  than  similar  magnets  made 
from  transposed  cable (9). 

niobium  tin 

Niobium  tin  tape  has  been  available  connercially  for  several  years  and  has  been  used  in  the  construc¬ 
tion  of  all  the  large  high  field  superconducting  magnets  currently  in  use.  It  does  however  have  the 
disadvantage  that  it  is  basically  unstable  in  the  presence  of  magnetic  fields  perpendicular  to  the  broad 
face  of  the  tape.  This  instability  may  be  controlled  by  soldering  copper  strip  to  the  face  of  the  tape 
(dynamic  stability)  and  arranging  for  the  edge  of  the  strip  to  be  cooled  by  liquid  helium.  The  charge 
times  of  such  magnets  can  be  long  however  (“v  1  hour)  and  the  need  for  edge  cooling  can  cause  difficulties 
in  some  types  of  coil  geometry. 

Filamentary  niobium  tin  can  be  expected  to  be 
much  more  stable  than  the  tape  and  is  nov/  being 
actively  pursued  in  many  places.  An  unusual 
* f i 1  ament i zed '  niobium  tin  tape  has  recently  been 
made  by  IGC(IO)  and  is  shown  in  Figure  6.  The 
subdivision  of  the  tape  has  been  achieved  by  a 
chemical  milling  process.  It  is  interesting  to 
note  that,  whereas  conventional  tapes  showed  a 
strong  tendency  to  flux  jump  in  normal  fields,  no 
flux  jumps  were  observed  in  the  filamentized  tape. 

It  is  not  clear  however  vyhether  tapes  of  this 
kind  can  be  produced  economically  in  long  lengths 
and  to  a  consistent  standard  of  quality. 


FIG.  6.  ‘  ’Fi Imenti zed'  Nb3Sn  tape 

A  more  popular  approach  to  the  production  of  filamentary  Nb^Sn  has  been  the  use  of  tne  'bronze 
route'.  In  this  process,  filaments  of  pure  niobium  are  drawn  down  In  a  tin  copper  bronze.  At  its  final 
size,  the  wire  Is  heat  treated  for  typically  'v  100  hours  at  590®C  -  750®C  sc  that  the  tin  in  the  bronze 
reacts  with  the  niobium  filaments  to  form  filamentary  niobium  tin.  Not  only  does  this  process  offer  a 
very  convenient  way  of  producing  the  brittle  NbjSn  in  filamentary  form  but  it  can  also  ensure  that  the 
Nb3Sn  so  produced  is  of  good  quality.  At  reaction  temperatures  below  930®C  the  only  compound  of  niobium 
and  tin  to  form  in  the  bronze  process  is  Nb^Sn  (c*f,‘  the  ^fiqurd  tin  process  where  Nb^Sn^  and  Nb$n2  ncrmally 
form  below  930®C),  Because  the  bronze  process  is  a  solid  state  reaction,  the  resulting  filaments  cf 
NbjSn  can  be  very  smooth  and  uniform.  Because  the  reaction  takes  place  at  low  cemperaturcj  the  grain 
size  of  the  NbjSn  so  produced  can  be  small  and  its  critical  current  density  large. 

An  Interesting  variation  on  the  bronze  method  has  recently  been  demonstrated  by  Tsuei(ll).  In  this 
process,  a  filamentary  structure  is  produced  metal lurgica! ly  by  first  chill-casting  an  alloy  of  Cu,Sn  and 
Nb  and  then  working  it  down  to  finished  size,  when  a  final  heat  treatment  is  applied  to  form  Nb^Sn, 
Unfortunately  the  overall  current  densities  exhibited  so  far  by  these  composites  are  very  low.;  If  they 
could  be  improved,  the  method  would  clearly  be  a  very  cheap  way  of  producing  mul ti fi lamentary  Nb^Sn. 

Current  Density.  Figure  7  shows  a  typical  overall  current  density  for  a  bronze  matrix  niobium 
tin  compos i te ,  Cons i de rab 1 e  effort  Is  currently  being  put  into  the  optimization  of  this  process  and  there 
Is  probably  scope  for  the  improvement  of  Jj..  It  ift -generally  felt  that  the  basic  problem  is  one  of  obtain¬ 
ing  good  stoichiometry  throughout  the  layer  while  at  the  same  time  keeping  a  fire  grain  size.  Flux 
pinning  is  thought  to  occur  at  the  grain  boundaries  so  that  a  small  gra'n  size  should  mean  a  high  density 
of  pinning  points. 
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FIG,  7.  Overran  current  densities  of  fila^'rtary 
compos i tes 

If  the  heat  treotnent  !s  terminated  ‘g°";  ‘^’chanicIl'D^operties.  on  the  composite 

"blf  irthoughrtr^t  ;rcducr%e'best  superconducting  Properties  n'inr^haPthi s 

stoichionetry  across  the  NbjSn  with  a  niobium  r-ch  layer  adjacent  to^the^unreac^ed^co 

is  indeed  the  case  can  sonctimes  be  seen  ^  tha*  whereas  the  resistive  measurcrient  shons  a 

inductive  and  resistive  methods.  It  .s  often  ^  f ^rLual  transition  spread  over  several 

-  5.r,:ru;;; 

a  consequent  reduction  In  J^, 

On  the  basis  of  the  above  arguments*  it  temperatures  and  in  shorter 

use  very  fine  filaments  of  niobium  which  can  x.  r»rt\cr  Another  approach  is  to  dope  the  niobium 

iiL.  \hl,  has  yet  to  be  e'^cct^^^  r^te  o^grain  growth 

with  small  quantities  of  though^ the  2r  additions  arc  effective  in  raising  the  current 

“s  . .  -  ■'••  •»-•■  '■ 

jndoped  material, 

.... ,™ «... .. ..« 

brr  ize  which  contains  more  than  -vB  at  /  of  i  ^rvntinuo  until  about  0,3  at.  i  of  tin  remains  m  the 

,e,el.  It  has  been  found  tha-  the  "un  !  of  the  reacted  NbjSn 

bronre.  Pron  these  two  figures  we  may  culate  that  ,i  is 

filaments  in  the  composite  can  only  be  about  overall  current  densities  might  be.  If  we  take  the 

interestir.q  to  speculate  on  what  the  hiQ.  esl  po.  i-  as  G  G  10^  A  n”’  at  lOT  and  multiply  this 

;?9hcst  Jc  In  the  NbjSn  observed  in  f ' 'o-JPO^i  tes{13)  ^  factor  of  2J  better  than  the 

by  the  filling  factor  of  ^3?  we  obtain  an  over  c  nf.\.p3n*  clear  wheth-^r  this  performance  can  be 

Lj, rriiS-s 

Tegirns  ol^p^rr^p^er  V."ch  wi.l  be  needed  in  any  large  mag.net  conductor. 

The  surface  diffusion  process  offers  a  way  ct  increasing  the  final  proportion  of  NbjSn  in  the  composite 
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0  hjqher  tin  content  in  the  bronze  so  th.u  rote  nlohlur!  -.a>  be  roacu^d  to  Co's,,  k  1 1  or..  After 
jcosstng  to  f. -^al  size  the  conposUe  is  given  a  surface  coating  of  tin  and  is  heated  tu  an  i  niemK^d  iatc 
tc  5U0W  the  tin  to  diffuse  into  me  cotsposlte.  »t  aoosn't  natter  ,f  the  hron/e  he.oros  hriii 


’-  s  stage  because  all  the  drawing  processes  have  been .  f !  .>  I  shed  ar.d  higher  tin  concent  rat  I  ons  are 
-  Indeed  rt  ts  not  even  necessary  to  draw  e.Hvn  h:on/o  at  alija  pure  ropper  matrix  ray  be  ust‘d 

a-  ;  j.  )  tne  t.r  fjnaUy  added  by  Coating,  This  has  rranu  f  act  uf  i  ng  advantages  l.e-ause  pure  copper  is  much 
•  to  .vc^rk  than  bronze.  Using  thi^  process.  tUl.nturff  o'ei  larba  1  es  t  ler  ( I  )  have  achievei  th<‘  highest 
r  •<..  Current  densities  so  tar  reported  for  filamentary  Nhpn  :  3  a  10*  '•  r.’-  at  Sk 

-'•other  approach,  recently  described  by  Hashlf-oto,  Yoshizah'  and  TanakaOS)  iviK-s  ;ise  ot  a  •»or-,  tin 
ir.j.nze  to  provide  a  ‘reservom'  of  tin.  A  >ingle  rod  r.i  Sn-2C  af  Cu  is  placevi  ir.slne  a  ctpper  tube 
•  nas  many  thinner  rods  of  pure  niobiun  ombedded  in  its  wall.  The  whole  cr>’>posltc  is  drawn  to 

*  '  .s'-ed  size  anc  then  heated  tc  .  750or..  During  this  heal  treatmem  the  tin  diffuses  into  the  copper  ar>d 
reacts  with  the  niobiu-.  One  advantage  of  t^'is  pro-ross  is  tn.it  all  the  starting  fs.Herials  .are  -rtuch 
-c  d.^clile  than  Cu-8  at.  •'  Sn  bronze  and  the  drawing  down  to  t  i  n.a  1  size  ran  be  performed  without  the  need 
'  -eouent  heat  t  reat-^rts .  Another  advantage  could  be  that,  like  surface  diffusion,  this  process  co-u!d 
a  greater  proportion  of  Nb3Sn  in  the  finished  composite. 


Pr^;cction.  It  is  an  unfortunate  fact  of  life  that  the  NbsSn  reaction  appears  to 
;t!  wren  me  proportion  ot  tin  in  the  bronze  fa  I  !  s  to  •  C.3'k  giving  a  residual  resistivity  of 

•  n-''^  were  possible  to  *clear  out'  the  bronze  and  leave  only  pure  copper  with  a  resistivity 
••  matrix  would  be  able  to  pertorr;  me  two  ver>  useful  functions  of  stabilizing 

'■•rposite  and  protecting  it  from  hum  out  at  quench  in  a  raqnet  .  Instead,  It  has  so  far  beer,  necessary 
1  pure  copper  to  the  matrix  as  a  separate  item.  Because  the  tin  in  the  bronze  is  very  nopi lo  at  the 
i-3n  ter^jerature,  it  Is  essential  that  the  pure  copper  i.s  protected  from  the  bronze  by  a  diffusion 
•r  v'f  tantalum  or  some  other  petal.  One  nay  choose  to  have  islands  of  copper  surrounded  by  a  barrie, 
•atrix  of  bronze,  like  the  Harwell  compos i te ( I6)  shown  In  Figure  9.  Alternatively  the  bronze  and 
c.n,,uctor  may  be  divided  into  islands,  surrounded  by  a  diffusion  barrier  and  imersed  In  a  coppe*’ 

ike  the  Airco  compos  *  te  ( 1 7)  shex-m  in  Figure  10,  The  forrver  arrangomeni  nomally  gives  the  lowest 
;>ov  whereas  the  latter  aUows  a  higher  proportion  of  copper  in  the  r.alrix.  A  third  approach,  usee 
?  <MI  conposi te(l8)  shown  in  Figure  U  and  also  being  pursued  by  Supercon  and  West i nghou5e( I9)  is  to 
e  niobium  itself  as  the  barr'er.  Each  filament  is  now  a  hollow  tube  of  niobium  containing  bronze 
rericd  in  a  matrix  of  copper.  Reaction  takes  place  on  *he  inner  su*'face  of  the  tube  and,  provided 
'■>  not  go  too  far,  the  copper  outside  should  remain  uncontami  nated. 


flu.  9,  Harwell  multifi lamentary  Nb^Sn  with 

islands  of  pure  copper  in  bronze  matrix 


FIG,  10.  Region  of  an  Airco  mul t !f i larcntary  Nb,Sn 
with  clusters  of  filamcrvls  in  bronze,  " 
grouped  in  copper  matrix. 


If  the  composite  is  to  be  made  into  a  stranded  cable,  the  copper  can  be  added  as  separate  strands  in 
t^'L*  cable,  as  for  example  in  the  cable  made  by  I  GO  (20),  To  avoid  rcchanical  damage  to  the  NbjSn  it  is 
..rufe''able  to  Riake  the  cable  before  reaction,  so  that  the  copper  strands  must  again  be  protected  by  a 
::arru'r.  Finally,  it  is  possible  to  simply  plate  copper  onto  the  reacted  composite.  Both  the  plating  and 
cab  1 1 ng  techniques  will  certainly  help  to  protect  the  composite  from  burn  out  at  quench  but  the  copper 
f.viy  be  too  far  away  from  the  filaments  to  provide  much  dynamic  stability.  The  plating  technique  also 
pr*rcludes  any  possibility  of  reacting  the  composite  after  winding  the  magnet. 
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F!5.  n.  Region  of  4ft  IMI  mul  t  i  fi  I  amentary 

composite,  niobium  tubes  containing 
bronze  in  a  pure  copper  matrix  (unreacted) 


^.3  Dynamic  Stability.  Copper  in  the  r.atri>-  i 
Ke I p  5 1 a b 1 1  1 1 y  by  p r o v i d i n g  magnetic  damping  to 
slow  dov/n  a  flux  jump  and  thus  allcw  nore  icf 

the  heat  generated  to  diffuse  away.  For  this  to 
happen,  the  copper  must  be  sufficiently  dote  tc 
the  superconductor  to  slow  down  the  notion  of 
within  it.  We  may  make  a  very  rough  estimate 
how  close  this  should  be  by  applying  the  dyna'^  c 
stabl lity  crlterion{21) 


d 


89^k{1-))  ^  ^ 


where  d  is  the  stable  filament  diameter,  k  is  i*-e 
thermal  conductivity  of  the  superconductor,  ,  is 
the  copper  resistivity.  For  composites  like 
one  shown  in  Figure  10  we  are  concerned  with 
clusters  of  filaments  rather  than  individual  fil¬ 
aments,  In  this  case,  provided  the  filaments 
relatively  fine,  it  is  probably  a  fairly  good 
approximation  to  consider  the  whole  cluster  as  a 
single  'macro  filament'.  The  values  of  J  end  k 
should  then  be  taken  as  a  suitable  weighted  mean 
between  bronze  and  Nb^Sn.  The  filling  factor 
is  now  the  fraction  or  the  whole  composite  occupiec 
by  the  Nb^Sn  and  bronze  together.  Using  figures 
for  a  typical  composite  at  5T,  we  find  d  'u  . 
This  is  the  maximum  cluster  size  at  which  the 
copper  will  be  effective  in  damping  down  Instabil¬ 
ities,  e,g,  self  field  flux  jumps.  For  the  other 
geometries  we  may  perhaps  adopt  a  general  rule  o* 
thumb  that  no  NbjSn  filament  in  bronze  should  f  i 
Itself  more  than  200u  away  from  a  region  of  pure 
copper. 


^,4  Hechanical  Properties.  Niobium  tin  is  a  brittle  material;  this  poses  severe  problems  in  coil 
wT  ri?  1 ng  and  a i so  in  supporting  magnetic  field  stresses  in  the  finished  magnet.  In  bulk  form,  Nb3Sn  breaks 
at  a  tensile  strain  of  about  C.24.  It  is  certainly  better  than  this  in  filamentary  fo^'m  but  opinion  is 
still  somewhat  divided  as  to  how  much  better  it  is.  Several  workers(l2, 19,20)  report  that  strains  of  up 
to  1|  can  be  imposed  before  there  is  any  noticeable  reduction  in  current  carrying  capacity.  Others  have 
seen  damage  at  strains  as  low  as  0.3<(22).  At  the  Rutherford  Laboratory  we  have  found  that  the  ariount  cf 
degradation  seen  can  depend  very  strongly  upon  the  sensitivity  of  the  measurement (23) .  Although  a  strain- 
cf  0.67^  caused  only  a  small  reduction  In  the  quench  current  of  a  short  sample,  it  reduced  the  current  at 
the  10"^**  0  m  detection  level  by  almost  a  half.  In  a  fully  Impregnated  magnet,  the  composite  would  be 
expected  to  quench  at  somewhere  between  the  10*^^  iT  m  and  10"^^  f.  m  short  sample  currents.  The  exact  level 
will  depend  on  the  local  thermal  environment  at  the  high  field  point  in  the  magnet.  It  is  therefore 
important,  when  assessing  the  amount  of  damage  caused  by  straining  a  wire,  to  carry  o*  a  proper  res  I  stive- 
transition  measuret^nt •  The  quench  current  of  a  well  cooled  short  sample  can  be  a  very  poor  guide  to  the 
quench  current  of  an  impregnated  magnet. 


It  is  almost  certain  that  filaments  which  are  only  partly  reacted  will  exhibit  better  mechanical 
properties  than  fully  reacted  filaments.  In  this  case,  th*  unreacted  niobium  core  probably  serves  to 
halt  the  propagation  of  cracks  originating  at  the  surface  of  the  filament.  It  also  seems  likely  that  the 
filaments  are  generally  under  a  compressive  strain  of  v  0.2^  caused  by  their  differential  contraction  wirh 
respect  to  the  matrix  on  cooling  down  from  the  reaction  temperature.  This  can  only  help  the  mechanical 
properties  of  the  con^site. 


Opinion  IS  also  divided  on  the  question  of  whether  it  Is  better  to  react  the  wire  first  and  then 
wind  the  magnet  or  wind  first  and  then  heat  the  whole  magnet.  At  Rutherford,  we  are  especially  interested 
In  the  construction  of  dipoles  and  quadrupoles  for  beam  transport,  in  these  magnets,  the  minimum  bending 
radius  at  the  coil  ends  can  be  as  small  as  5  ^  so  that,  even  at  1%  strain,  a  reacted  conductor  could  only 
be  0,1mm  in  diameter.  We  have  therefore  chosen  to  react  the  whole  magnet  after  winding  and  feel  tha;  the 
need  to  use  heat  resisting  insulation  and  coil  formers  is  a  small  price  to  pay  for  the  avoidance  of  risks 
associated  with  winding  reacted  conductor.  We  use  E  glass  fibre  Insulation,  either  brajded  or  lapped. 

In  order  to  protect  the  glass  from  abrasion  during  winding,  it  is  desirable  to  '.ise  some  kind  Of  binder  to 
glue  the  fibrt*«  together.  We  are  presently  trying  to  find  the  best  binder;  one  which  can  be  easily 
applied  to  the  conductor  and  which  will  volatilize  cleanly  at  the  heat  treatment  stage  without  leaving 
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corductin^  residue  of  Ctirbon.or  oxidizincj  the  conductor.  The  nost  pronising  candid, »te  P't’sent 

>  lo  be  perspex. 


Many  other  groups  have  opted  for  the  alternative  'react  first  and  wind  later'  technique. 
c:ian:oter  of  the  v.ires  njst  he  s«’o  I  1  to  sivoid  filar-ent  d,T:vj-ie  on  bending.  If  such  fine  wir 


In  this  case 

ing.  If  such  fine  vore^*  are  wound 

:}iv  into  a  '’lagnet  of  reasonable  si/e,  t^'ere  will  be  projection  problems,  fer  cxaoiple,  if  the  O.l  rn 
e  .already  f'entioned  were  used  to  rake  a  dipole  nagnet  of  stored  energy  -v  1  M  Joule,  the  peak  irrernal 
i'.>t..ve  voltage  at  quench  might  be  1  even  if  the  ccvipos  i  te  contains  '  20^  of  pure  copper.  It  is 
-r'.  'Necessary  to  increase  the  operating  current  and  reduce  the  coil  inductance  by  using  riany  strands 

as  a  braid  or  cable.  The  cable  ray  be  impregntited  with  indium  or  sinilar  neial  after  reaction, 
jppoar  that  the  resulting  cable  can  be  alrxjct  as  flexiblt?  as  ts  cr''[V')rient  sii.irds,  i.e.  f".)*  the 
tvinding  radius  is  determined  by  the  dia'’'eter  of  the  individual  wires  rather  than  the  diameter  cf 


if  me  conductor  is  intended  for  the  fabrljcation  of  a  largo  magnet  v.ith  large  bending  radii,  such  as 
:;-te  chamber,  there  seems  to  be  little  doubt  that  it  can  bo  reacted  before  winding.  Care  wi  P  still 
ee.;ea  ifOwever  to  avoid  any  local  kinking  of  the  conductor. 

! 


ADIJm  gallium 


T*e  c'itical  current  density  of  vanadium  gallium  falls  off  with 
nioriu^  tin.  When  viewed  in  terms  of  overall  current  density  as 
over  at.  around  12,5  T,  giving  V^Ga  the  advantage  at  hign  fields. 

twice  tfe  overall  current  density  of  Nb^Sn.  The  flatter 
:::e  pr c-terred  on  grounds  of  stability  and  hysteresis  loss, 
the  IcH-^er  T^.  of  V3Ga  :  14.5  K  as  against  l8  K  for  niobium 
lyr  a^d  gallium  i n  conpar i son  wi th  niobium  and  tin. 


FIG.  12.  Furukawa  mul t» fi lamentary  V^Ga 

cable,  six  composite  twisted  around 
a  tungsten  wi re. 


field  much  less  rapidly  than  that  of 
shown  in  Figure  7,  l»re  two  curves  crors 
At  17  T  for  example,  a  V3Ga  composite 
shape  of  the  curve  is  also  generally  to 
Against  these  advantages  however  must  be  set 
tin  and  the  significantly  higher  cost  of  vanad- 

V^Ga  tapes  were  probably  the  first  superconductors 
to  be  made  using  a  bronze  process.  It  was  found (25) 
that  the  rate  of  growth  of  the  \/3Ga  layer  and  also 
its  critical  current  could  be  markedly  increased 
by  copper  plating  the  gallium  coated  vanadium  wire 
before  hea*^  treatment.  The  bronze  techniauc  was 
subsequently  applied  to  the  first  commercial  prod¬ 
uction  of  mul  1 1  f  i  lariK'ntary  AI5  compound  supercon¬ 
ductors:  the  V3Ga  composites  and  cables  made  by 
the  Furukawa  Electric  Corpany(26j.  Figure  12 
shows  a  cross  section  of  one  of  these  cables.  The 
centre  strand  is  a  tungsten  wire,  for  strength; 
the  six  outer  strands  are  composites  of  55  fila¬ 
ments  of  vanadium  in  gallium  bronze.  After  reaction 
the  cables  are  impregnated  with  indium.  Overall 
densities  are  as  plotted  in  Figure  7. 


5.1  Cur«-ent  Densities.  Although  the  overall  current  density  of  composites  at  medium  fields  is 

presently  rather  d t sappol nt I ng ,  this  situation  could  be  quitt.  dramatically  changed  by  the  recent  work  of 
Howe  and  Weinrian (27) .  These  workers  have  evolved  a  technique  in  which  both  the  vanadium  core  and  the 
copper  matrix  are  alloyed  with  gallium,  e.g,  9  at.%  Ga  in  the  vanadium  and  17.5  at.S^  Ca  in  the  bronze 
matrix.  In  this  way,  the  reaction  temperature  may  be  reduced  from  600®C  tc.  'v  550°C.  As  a  consequence 
cf  the  lower  feiT>perature  of  formation,  the  crl»‘ical  temperature  has  been  found  to  increase  by  “v  i  K  and 
the  critical  current  density  by  a  factor  of  5.  The  maximum  current  density  observed  at  10  T  was  In 
fact  10^ °  A  , 


In  spite  of  their  high  local  current  densities,  the  filling  factors  of  these  experimental  composites 
is  low  (as  shov;n  in  Figure  13)  and  their  overall  Jc  would  not  be  very  interesting  to  the  magnet  construc¬ 
tor.  At  present,  one  can  only  speculate  on  what  the  maximum  overall  current  density  in  a  practical  magnet 
conductor  using  this  process  might  be.  If,  for  example,  one  could  start  with  2D  at.^  of  gallium  in  the 
’..ro^ze  and  then  react  until  this  level  had  fallen  to  10  at.%  and  all  the  vanadium  was  consumed,  the  re¬ 
sulting  filaments  of  V3Ga  would  occupy  'v  25^  of  the  composite  cross  section.  If  the  highest  current 
densities  could  be  obtained  over  the  whole  cross  section  of  each  Filament,  the  current  density  at  10  T 
over  the  composite  would  be  2,5  x  10^  A  a  spectacular  figure,  but  there  are  many  'ifs*  in  the 

argument  leading  up  to  it. 


.  / 
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It  has  also  beer,  fQu''‘Ci  by  Tachikawa  IloH  and 
.Tanak.a(28;  that  the  addition  1*5  at.  /  of 
alu"iiniu!''  to  the  vanacJlijf:-  filancnt  can  r'ankedly 
Increase  the  ri,te  of  fomation  of  VjGa  and 
raise  its  critical  current  density. 

5.2  Stabi  »  i /at  ion  a- d  Protection .  T  he  V  •:i  G  a 
rea  c  1 1'on  "i's"  t  no  Jg'f'l't  to  stop  ..her-  the  gallur-  cont.": 
of  the  bronze  falls  to  about  10  at./.  At  tnis 
concent , at  ion,  the  resistivity  of  the  bronze  is 
reported  to  he  10*  •'  r  at  h,2  K.  This  Is  al'~cct 
as  high  as  the  cupro*nickei  used  to  provide  res's- 
live  barriers  ir  AC  NtTi  co^'pcsltes.  It  'S  net 
surprising  therefore  that  the  pulsed  behaviour  of 
n‘u  i  t  i  f  i  i a;  en ta ry  V  jGa  I  s  good , 

If  the  con'posite  is  to  be  used  in  tr.e  c-snst'uc* 
lion  of  a  rvjgnet  of  reasonable  size  hov/ever,  so^o 
pure  cooper  or  other  good  norr^al  conductor  wl  ’  1 
be  needed  .or  protection  ft  or  ourn-out  a:  auenen. 

Any  conpositc  or  cable  of  diat^iC'ter  greater  than, 
say,  ?  rr.  voulc  a J so  benefit  fror  the  stabiliz'ng 
i r. f  1  uenc e  of  a  high  cond activity  conpene n t .  ‘i  ne 
Indiu*"-  coating  on  the  ^oruK«.;‘.a  cable  is  thought 
to  confer  a  decree  of  sta^'illty  but  for  large 
r^gnets  and  cables,  so’^-thlrg  of  lower  resistivity 
win  be  needed.  To  the  author’s  knowledge,  nc 
such  cable  or  composite  ha;  yet  been  produced. 

5.5  ^.echanlcal  Properties.  The  rvechanlcal 
properties  of  V^Ga  apr jar  to  be  very  sirilar  to 
those  of  NbjSn.  Figure  1A  shews  the  decracation 
of  critical  current  in  tv/o  different  wirrs  and  a 
cable  as  they  are  bent  around  various  diar^eters  .2Sl . 
Fror*  this  data,  it  would  appear  that  the  filancnts 
can  be  strained  to  0.7^  without  danage  and  also 
that  the  nininun  per':'' ss  ‘  b  le  pending  radius  of  a 
seven  strand  cable  doei  not  dlffc**  appreciably 
from  that  of  its  cor-ponent  strands.  One  should 
again  beware  however  of  the  difference  in  quench 
current  between  a  well  tooled  short  sa'^ple  and  a 
fully  inpregnated  raagnet . 


FIG.  lA.  Bending  properties  of  VjG.i  co'*!posIte> 

6.  DI$CtJSS»ON  AND  FUTURfc  PROSPECTS 

It  seems  likely  that  nul t i -f i 1 anoni ary  composites  will  continue  to  be  the  rckst  comfX)n  type  of  super¬ 
conductor  used  in  magnet  construction.  Nev/  requirements  for  low  losses  in  sria  1  I  amplitude  AC  fields  ray 
however  dcrand  different  designs  for  such  applications  as  magnetic  Ivvitatjon,  The  theory  of  fragnetic 
i  nstat  f  1 1 1 1  es  In  fi  lamtentary  ccx’ipositcs  has  been  improved  and  extended  in  recent  years  and  ts  now  fairly 
•II  I'  lersiood.  The  naiot  cause  of  degraclaticn  in  magnets  however  is  now  mechanical  *  small  movements, 

_,  cracking  etc.  causing  a  local  release  of  energy.  This  is  not  very  well  understood  at  present 
i  e  work  is  needed  in  this  area.  Magnetic  stability  theory  should  at  least  be  able  to  teil  us  which 
-o*' '  .1^  lor  s  '.-.ighr  be  especially  vulnerable  to  these  mechanical  effects, 

Fliamcntary  NbjSn  and  V3Ga  arc  advancing  to  the  stage  where  they  must  be  considered  as  useful  magnet 
conductors.  Many  of  the  problems  of  production  and  utilization  have  b^en  sorted  out  and  we  ..ay  confidently 
expect  to  see  these  materials  used  !r.  the  construction  of  several  medium  sized  negnets  before  the  next 
Magnet  Tech«x>logy  Conference.  These  is  undoubtedly  scope  for  a  further  improvement  in  the  current  carry¬ 
ing  capacity  of  these  materials;  it  will  be  disappointing  if  a  further  factor  of  two  In  overall  is  rot 
forthceming  in  the  fairly  near  future. 

In  the  longer  term,  perhaps  the  most  exciting  prospect  is  the  promise  shown  in  Figure  15  “  Nb^Ge: 
critical  temperature  23  upper  critical  field  38  T.  Even  at  a  temperature  of  18  K,  the  critical 
current  density  is  quite  respectable  and  at  lower  temperatures  it  is  probably  very  high  indeed. 


Ftl»,  55.  *  xrwT  ;  t'cnto  I  high  conpOSiK-  of 
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!t  Is  very  difficult  to  form  stoichiometric 
Nb3Gc  and  the  low  critical  temperatures  measured 
In  the  past  can  bo  attributed  to  non-stol ch lomctr i c 
canpound.  Recently  howevei ,  Gavaler(30,  30  has 
shown  that  It  is  possible  to  make  stoichiometric 
Nb3Ge  using  a  sputtering  process  under  very  care¬ 
fully  controlled  conditions  of  gas  pressure,  volt¬ 
age  and  temperature.  It  would  be.  difficult  to 
maintain  such  strict  control  in  any  kind  of  contin¬ 
uous  process.  Present  indications  are  that  Nb3Ge 
cannot  be  made  by  a  bronze  process  but  this  is  by 
no  means  fully  established,  possibly  a  matrix 
other  than  copper  may  yield  a  satisfactory  result. 
However,  in  view  of  the  very  recent  nature  of  these 
discoveries,  it  is  really  not  very  useful  to 
speculate  on  production  techniques  at  this  point 
in  time.  One  can  probably  say  with  some  confidence 
however  that  in  the  next  few  years,  while  the 
magnet  technologists  are  grappling  with  the  prob¬ 
lems  of  using  the  present  'exotic’  materials 
NbjSn  and  V3Ga,  the  more  basic  research  work  is 
going  to  find  several  new  materials  offering 
greatly  Improved  Hc» Tc  and  and  that  at  least 
one  of  these  will  prove  to  be  technologically  use¬ 
ful. 
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